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TECHNICAL MEMORANDUM X-487 

DESIGN AND PERFCF"CE OF A SIX-STAGE 8-INCH- 

MEAN-DIAMETEB REENTRY TURBINE" 

By David G. Evans, W i l l i a m  D. Guthrie, 
and Charles A. Wasserbauer 

SUMMARY 

The performance cha rac t e r i s t i c s  of a turb ine  designed t o  operate a t  
a high pressure r a t i o  with a low specif ic  f u e l  consumption were inves t i -  
gated. The turbine w a s  a six-stage,  8-inch-mean-diameter r een t ry  turb ine  

an ove ra l l  
blade- t o  jet-speed r a t i o  of  0.161, and a f i r s t - s t a g e  th roa t  area of 
0.0135 square inch, 
weight f l o w  t o  a four-stage, 4-inch-mean-diameter r een t ry  turb ine  in-  
ves t  igated previously. 

% 

designed f o r  a nominal t o t a l -  t o  s ta t ic -pressure  r a t i o  of 210, 

The turbine was similar i n  design configuration and 

A t  design speed and pressure r a t i o ,  t he  equivalent-air  spec i f i c  
work output was 46 Btu per pound at  a s t a t i c  e f f i c i ency  of 0.47. In te r -  
s tage pressure measurenents indicated t h a t  t he  f i r s t -  and second-stage 
pressure ra",ios were grea te r  than t h e  design spec i f ica t ion ,  possibly be- 
cause of flow leakage upstream of the  second- and th i rd-s tage  stators, 
A t  a l l  b u t  t he  lowest pressure r a t i o s  investigated,  t he  s ta t ic -pressure  
d i s t r ibu t ion ,  which remained unchanged throughout t h e  turbine,  indicated 
t h a t  t he  l a s t - s t age  s ta tor  w a s  operating choked as spec i f ied  i n  t h e  
design, 

INTRODUCTION 

T o t a l  weight i s  an important factor  t o  be considered i n  se l ec t ing  
and designing the  turbodrive u n i t  f o r  an  a u x i l i a r y  power system. 
order  t o  minimize t h e  weight of the system, the  turb ine  must  be able  t o  
convert a m a x i m u m  of i t s  avai lable  f u e l  energy i n t o  usefu l  work. The 
turb ine  must therefore  be of a high-specific-work low-weight-flow design. 

In  
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Achieving the  maximum poss ib le  power outpilt from each pound of f u e l  
expended requi res  a high tu rb ine - in l e t  enthalpy, a high o v e r a l l  pressure 
r a t i o ,  and a high ove ra l l  e f f ic iency .  Multistage turb ines  must t he re -  
fo re  be considered i n  order  t o  obta in  reasonable o v e r a l l  e f f i c i e n c i e s  
a t  high o v e r a l l  pressure r a t i o s  with the  assumption t h a t  tu rb ine  speeds 
are l imited e i t h e r  by blade stress l imi t a t ions  o r  by  t h e  p a r t i c u l a r  
s ys t e m  r e  qui r ement s 

Several types of conventional and unconventional high-specific-work 
low-weight-flow turb ines  are p o t e n t i a l l y  s u i t a b l e  f o r  t h i s  appl icat ion.  
Multistage r een t ry  type turb ines  have been considered a t  t h e  L e w i s  R e -  
search Center because many of t h e i r  unique fea tures  appear appropriate.  

I n  t h e  r een t ry  turbine,  "multistaging" i s  accomplished by  passing 
the  f l o w  through a s ing le  r o t o r  s eve ra l  times. 
flow between successive s tages  loca ted  i n  segments around the  r o t o r  annu- 
lus .  The las t  s tages  a c t  t o  cool  t he  r o t o r  and permit higher tu rb ine-  
i n l e t  temperatures and, therefore ,  higher  t u rb ine - in l e t  enthalpies ,  
generally, than would be possible  f o r  conventional turbines .  

Reentry dv.cts d i r e c t  t h e  

The design and performance c h a r a c t e r i s t i c s  of two such r e e n t r y  t u r -  
b ines  are given i n  references 1 and 2- 
diameter three-s tage and a 4,O-inch-mean-diameter four-s tage r e e n t r y  
turbine designed f o r  t o t a l -  t o  s t a t i c -p res su re  r a t i o s  of 10.1 and 55.66 
and blade- t o  je t -speed r a t i o s  of 0.220 and 0.194, respect ively.  Several  
addi t iona l  r een t ry  tu rb ine  configurat ions have been invest igated,  such 
as a two-stage impulse r een t ry  turb ine  designed f o r  a pressure r a t i o  of 
11.76 and a blade- t o  je t -speed r a t i o  of 0.129 ( re f .  3 ) .  

They a re  a 11.53-inch-mean- 

Although the  performance c h a r a c t e r i s t i c s  demonstrated by these  t u r -  
b ines  approached t h e  requirements des i red  f o r  a u x i l i a r y  power systems, 
it w a s  f e l t  t h a t  t h e  performance c a p a b i l i t y  of t h e  r een t ry  turb ine  could 
be extended by  u t i l i z i n g  higher pressure r a t i o s  and increasing t h e  number 
of stages. In  order  t o  v e r i f y  t h i s  supposit ion,  a s ix-s tage r e e n t r y  t u r -  
b ine  having a nominal t o t a l -  t o  s t a t i c -p res su re  r a t i o  of 210 w a s  designed 
and experimentally invest igated.  
s tage  reent ry  turb ine  ( ref .  2)  w a s  no t  ava i l ab le  f o r  evaluat ion a t  t h e  
t i m e  of design, t he  s ix-s tage r een t ry  tu rb ine  w a s  designed i n  approxi- 
m a t e l y t h e  same manner, as noted la te r  i n  t h e  Blade Design and t h e  Re-  
e n t r y  Duct Design sect ions,  and f o r  approximately t h e  same weight flow. 
The reent ry  system w a s  of the type that  d i f fused  t h e  flow a t  the  e x i t  of 
each stage t o  a r e l a t i v e l y  low ve loc i ty ,  d i r ec t ed  it over t h e  ro to r ,  then 
reaccelerated and turned it through a conventional s t a t o r  sec t ion  t o  the 
next  stage. Thz r o t o r  mean diameter and blade he ight  were double those 
of t he  four-stage r een t ry  tu rb ine  t o  provide f o r  t h e  add i t iona l  annulus 
area required f o r  the two add i t iona l  stages.  The r e s u l t s  of i n t e r s t a g e  
as well  as o v e r a l l  performance measurements made during t h e  experimental  
phase of t he  inves t iga t ion  are presented herein. 

Even though the  performance of t h e  four-  
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SYMBOLS 

g g rav i t a t iona l  constant, 32.17 f t /sec2 

Ah s p e c i f i c  work output, Btu/lb 

J mechanical equivalent of heat,  778.16 f t - lb/Btu 

n N r o t a t i o n a l  speed, rpm 
3 
2 P, turbine i n l e t - t o t a l -  t o  exi t -s ta t ic-pressure r a t i o ,  Pb/P6 
4 

p 2bsolute pressure, lb / sq  ft 

U blade veloci ty ,  f t / s e c  

V absolute gas veloci ty ,  f t / s e c  
8 

V j  idea l  j e t  speed corresponding t o  t o t a l -  t o  s ta t ic -pressure  r a t i o  
across  turbine,  d- 

w r e l a t i v e  gas veloci ty ,  f t / s e c  

w weight-flow rate, lb/sec 

Y r a t i o  of s p e c i f i c  hea ts  

6 r a t i o  of tu rb ine- in le t  t o t a l  pressure t o  NACA standard sea- level  
pressure, pb/2116 

E funct ion of y, used t o  c o r r e c t  weight flow t o  i n l e t  conditions a t  

NACA standard sea- level  atmosphere, E = 0 740 (y ; l)r/(r - 
I- 

7 s t a t i c  eff ic iency,  based on t o t a l -  t o  s ta t ic -pressure  r a t i o  across  
turb ine  

I 
€I,, squared r a t i o  of tu rb ine- in le t  flow c r i t i c a l  ve loc i ty  t o  t h a t  of 

NACA standard sea- level  atmosphere, (Vcr, o/1019) 

h speed-work parameter, Ui/gJ Ah 

v 

T torque, in.-lb 

blade- t o  jet-speed r a t i o ,  Um/Vj 

-i 
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Subscripts : 

c r  

i d  

i n  

m 

out  

S 

U 

X 

0 

1 

2 

3 

4 

5 

6 

conditions corresponding t o  Mach number of 1 

idea l  

stage i n l e t  

mean-radius value 

stage e x i t  

stage 

tangent ia l  component 

axial component 

turbine i n l e t  ( s ee  f ig .  4) 

f i r s t  r een t ry  duct 

second reent ry  duct 

t h i r d  reent ry  duct 

fourth r een t ry  duct 

f i f t h  r een t ry  duct 

turbine e x i t  

.' 
D.  

T 
P 
0 
(D 
(D 

Superscript:  

1 absolute t o t a l  s t a t e  

TURBINE DESIGN 

The turb ine  w a s  designed f o r  t he  following requirements, which were 
based on NACA equivalent-air  condi t ions at  the  turb ine  i n l e t  ( turbine-  
i n l e t  temperature of 518.7O R and pressure of 2116 l b / s q  f t  abs):  
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Speed-work parameter, h, 

S t a t i c  eff ic iency,  vs 
Resul t ing nominal s tage 
total- t o  s ta t ic -pressure  
r a t i o ,  pl /ps  

‘ S  

.. 

0.2 

0.54 

5.2 

Equivalent weight flow, w f i  6/8,  lb/sec . . . . . . . . . . .  0.00447 

Equivalent blade veloci ty ,  U m / G ,  f t / s ec  . . . . . . . . . . .  356.0 
Nominal ove ra l l  t o t a l -  t o  s ta t ic -pressure  r a t i o ,  Pr ........ 210 
Number of tu rb ine  s tages  . . . . . . . . . . . . . . . . . . . . . .  6 

0.5 

0,70 

1.7 

These requirements r e su l t ed  i n  t he  following design values: 

Blade- t o  jet-speed r a t i o ,  v . . . . . . . . . . . . . . . . . .  0.161 
Mean wheel diameter, in. ..................... 8.0 
Blade height ,  in. ........................ 0.25 
Equivalent r o t a t i o n a l  speed, N/&, rpm ........... 10,200 
Tota l  a r c  of admission, deg ................... 318.8 

Stage Charac te r i s t ics  

The following s tage requirements were incorporated i n  t h e  design: 

Stage 

3 

0.5 

0.70 

1.9 

Addit ional  requirements were 

(1) Constant hub and t i p  radii across the r o t o r  and s t a t o r  sec t ions  

( 2 )  Zero absolute  whir l  leaving s tages  2 t o  6 

(3 )  S t a t o r  discharge free-stream flow angle of 15’ from the  plane 
of the  ro to r ,  s tages  2 t o  6 
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I Stage veloci ty  diagrams and a rea  r a t i o s  were then computed from these  
requirements i n  addi t ion t o  the  following assumptions: 

(1) 100 Percent of t he  weight flow entered each stage,  

( 2 )  The ve loc i ty  head a t  the  e x i t  of each s tage  w a s  l o s t  i n  d i f -  
fusion. 

(3) S t a t o r  l o s ses  were equal t o  5 percent of t he  s tage  i n l e t  
pres sure, 

The design ve loc i ty  diagrams s a t i s f y i n g  the  preceding requirements 
and assumptions a r e  shown i n  f igu re  1, 
r e l a t i v e  whi r l  components en ter ing  and leaving the  r o t o r  (Wu,in = Wu,ou t ) ,  
The ve loc i t i e s  shown a re  f o r  equivalent-air  conditions a t  the  turb ine  
i n l e t ,  The f i r s t - s t a g e  s t a t o r  and ro tor ,  and t o  a l e s s e r  degree the  last- 

The design r e su l t ed  i n  equal 

s tage  s ta tor ,  were supersonicj  t he  remainin subsonic. The 
absolute s ta tor-discharge ve loc i ty  r a t i o s  ( 1) f o r  s tages  

1 t o  6, respect ively,  were 1,311, 0.808, 0,853, 0.905, 0,970, and 1.051, 
The ro tor - in le t  r e l a t i v e  ve loc i ty  r a t i o s  (W/Wcr) 

respectively,  were 1,061, 0.461, 0.490, 0,523, 0.565, and 0,619, 

f o r  s tages  1 t o  6, 
i n  

Blade Design 

The f i r s t - s t a g e  s t a t o r  w a s  designed i n  e s s e n t i a l l y  the  same manner 
as the  four-stage r een t ry  turb ine  ( r e f ,  2 ) .  It w a s  designed t o  t u r n  and 
t o  accelerate  the  flow t o  sonic ve loc i ty  i n  a s ing le  smoothly convergent 
channel with a rectangular  c ross  sect ion,  and then t o  expand it super- 
sonica l ly  t o  a c r i t i c a l  ve loc i ty  r a t i o  
l eng th  sharp-cornered supersonic sec t ion  downstream of  t he  s t a t o r  th roa t .  
A loss i n  t o t a l  pressure of 3 percent w a s  assumed upstream of  the  t h r o a t  
and 2 percent downstream of the  th roa t ,  which, f o r  t h e  design weight flow, 
resul ted i n  a f i r s t - s t a g e  t h r o a t  a rea  of 0,0135 square inch. The method 
used t o  obtain the  shape of the  divergent supersonic sec t ion  i s  described 
i n  reference 4, The r e s u l t i n g  dimensions, mean-radius channel p ro f i l e ,  
and channel coordinates of t h e  s t a t o r  a r e  given i n  f igu re  2. 

V/Vcr of 1,311 i n  a minimum- 

Tne s t a t o r s  f o r  the  remaining f i v e  s tages  were designed t o  t u r n  and 
t o  accelerate  the flow i n  smoothly convergent channel passages with rec-  
tangular c ross  sections.  Each s tage w a s  i d e n t i c a l  f o r  s impl i c i ty  of 
fabr ica t ion  ( f ig .  2). 
ve loc i ty  for t he  s ixth-s tage s t a t o r ,  expansion downstream of the  t h r o a t  
w a s  assumed, 

I n  order t o  achieve t h e  design supersonic e x i t  

The r o t o r  w a s  not  an impulse type such as the  one used i n  the  four- 
s tage  reentry turb ine  but  w a s  designed t o  provide f o r  a s m a l l  amount of 

8 .  
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reac t ion  as wel l  as zero suction surface d i f fus ion  at the  mean-radius 
blade sec t ion  f o r  stages 2 t o  6, Continuity across the  ro to r  and equi- 
l ibrium i n  the  rad ia l -ax ia l  plane and across the  blade channel from the  
suct ion surface t o  the  pressure surface w a s  s a t i s f i e d ,  In  general, t he  
design procedure corresponded t o  t h a t  of reference 1 except t h a t  a s ing le  
mean-section blade design, r a the r  than a three-sect ion blade design, w a s  
used with a r e su l t i ng  constant nontwisted blade sec t ion  from hub t o  t ip .  
The mean-radius blade dimensions, p rof i le ,  and coordinates a re  shown i n  
f igu re  2, In  addition, 
the  design blade-surface and midchannel v e l o c i t y  d i s t r ibu t ions  a re  shown 
f o r  the  s i x t h  s tage i n  f igure  3, The d i s t r ibu t ion ,  which i s  similar f o r  
s tages  2 t o  6, ind ica tes  almost no decelerat ion (d i f fus ion)  of flow along 
the  suct ion surface. 

Running clearances a re  a l s o  shown i n  f igu re  2, 

Since the  ro to r  channel w a s  designed t o  s a t i s f y  the  subsonic re- 
quirements of s tages  2 t o  6, the  design was  not  compatible with the  
f i r s t - s t a g e  supersonic a rea- ra t io  requirements. Because the  f i rs t  s tage  
w a s  operating over a small a rc  of admission compared with t h e  remaining 
stages,  it w a s  f e l t  t h a t  the spreading e f f e c t s  of the j e t  leaving t h e  
s t a t o r  would tend t o  cor rec t  for the  mismatch, 

Reentry Duct Design 

The r een t ry  passages were designed i n  e s s e n t i a l l y  t h e  same manner 
as the  four-stage r een t ry  turbine ( r e f ,  2 ) .  
f igu ra t ion  i s  shown schematically i n  f igure 4, 
t o  d i f fuse  the  flow leaving the  ro to r  t o  a low veloci ty ,  t o  d i r e c t  it, 
and then t o  reacce lera te  it i n t o  t h e  segment of t he  s t a t o r  annulus corre-  
sponding t o  the  next stage. The diffusion and reacce lera t ion  were ac- 
complished by varying the  hub radius  l i n e a r l y  along the  sect ions en ter ing  
and leaving t h e  ducts  from an opening o f  0.250 inch a t  t h e  blade end t o  
an opening of approximately 0.875 inch, which gave an a rea  r a t i o  of 
approximately 4, From the  diffuser ,  the flow w a s  turned 180° and w a s  
fu r the r  diffused by an a rea  change of approximately 1.3, 
l e t s  were placed r e l a t i v e  t o  the  preceding s t a t o r  sec t ion  i n  the  same 
manner as i n  the four-stage reent ry  turbine. 

The s ix-s tage r een t ry  con- 
The ducts  were designed 

The duct i n -  

APPmTUS, INSTRUMENTATION, AND PROCEDURF: 

Photographs of the  turbine and of t h e  t es t  f a c i l i t y  used f o r  t he  
inves t iga t ion  a r e  shown i n  f igures  5 and 6, The turb ine  r o t o r  blades 
and d i s k  were machined i n t e g r a l l y  from a forging of high-temperature 
s t a i n l e s s  s tee l .  The s t a t o r  blades and t h e  s t a t o r  hub r ing  were a l so  
machined i n  t h e  same manner; the  s t a to r  t i p  r ing  w a s  brazed i n  place 
a f t e r  machining. A l l  blade p ro f i l e s  were machined t o  within 0,001 inch 
of t h e  t r u e  shape. The turbine casing including the  r een t ry  system w a s  
f ab r i ca t ed  of s t a i n l e s s  s 



8 

The turb ine  w a s  operated on pressurized a i r  a t  nominal i n l e t  con- 
d i t i o n s  of 240° F and 115 pounds per square inch gage. 
measured with a ca l ib ra t ed  th in -p la t e  o r i f i ce .  Since the  f i r s t - s t a g e  
s t a t o r  was choked, the  equivalent weight flow d i d  not vary over t he  range 
of speeds and pressure r a t i o s  invest igated.  The power output of the  t u r -  
b ine  was absorbed by a cradle-mounted a i rbrake  and measured with a s t r a i n  
gage load c e l l  ca l ib ra t ed  before  and a f t e r  the  performance t e s t .  Turbine 
speeds were measured with a magnetic pickup and a 10-tooth sprocket gear 
mounted on the  ro to r  sha f t  i n  conjunction with an e l ec t ron ic  tachometer, 

Weight flow w a s  

Overall and in t e r s t age  pressure measurements were made from s t a t i c  
t aps  located on the  turb ine  i n l e t  and exhaust ducts  and r een t ry  duc ts  
( f ig .  4).  Temperatures were measured using bare  w i r e  thermocouples 
located i n  the  same areas.  

The experimental performance of the  turb ine  w a s  obtained from d a t a  
taken over a range of tu rb ine  speeds and pressure r a t io s .  Speeds were 
var ied  from e i t h e r  30 or 70 percent design speed t o  100 percent design 
speed, 
l e t  s t a t i c  pressure. Dewpoint measurements were made of the  pressurized 
air pr ior  t o  performance t e s t i n g  and were checked aga ins t  i n t e r s t age  and 
e x i t  temperature measurements t o  avoid operation below the  dewpoint, 
where freezing and condensation shocks could have a f fec ted  the  performance. 

Pressure r a t i o s  were var ied from 131 t o  238 by varying the  out-  

Turbine bearing, sea l ,  and d i sk  windage lo s ses  were obtained by r e -  
placing the  r o t o r  with a b lade less  d i sk  of equal dimensions and then b y  
motoring the  turbine with the  a i rbrake  from 0 t o  100 percent of design 
speed. The pressures measured i n  t h e  turb ine  casing on e i t h e r  s i d e  of 
t he  turbine d isk  during performance t e s t i n g  were dupl icated t o  simulate 
d i s k  windage lo s ses  and bearing t h r u s t  loads. 
measured with the  s t r a i n  gage load c e l l ,  amounted t o  approximately 31 
percent (3.8 in.-lb) of the  s h a f t  torque output of the  turb ine  a t  design 
speed and pressure r a t io .  

The r e s u l t a n t  torque, 

Turbine e f f i c i ency  w a s  computed as t h e  r a t i o  of t he  blade output 
( s h a f t  output plus bearing, sea l ,  and windage lo s ses )  t o  the  i d e a l  ro to r -  
b lade  output. 
Bureau of Standards t a b l e s  ( r e f .  5) for the neasured values of turbine-  
i n l e t  t o t a l  temperature and pressure and -ou t l e t  s t a t i c  pressure. Tur- 
b ine  torque, spec i f i c  work output, speed, and weight flow were cor rec ted  
t o  standard NACA sea- level  equivalent-air  conditions. 

The i d e a l  r o t o r  blade output was  obtained from National 

RESULTS AND DISCUSSION 

Overall Turbine Performance 

Overall tu rb ine  performance i s  presented i n  f i g u r e s  7 t o  9 aqd i s  
based on the  rotor-blade output ( s h a f t  output  plus  bearing, sea l ,  and 
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windage lo s ses ) ,  as mentioned previously. 
a i r  s p e c i f i c  work output Ah/$,, and s t a t i c  e f f i c i e n c y  q a r e  shown 
p lo t t ed  aga ins t  t he  t o t a l -  t o  s ta t ic -pressure  r a t i o  Pr over t he  range 
of speeds invest igated.  A t  100 percent design speed and at  the nominal 
design t o t a l -  t o  s ta t ic -pressure  r a t i o  of 210, t h e  equivalent  spec i f i c  
work output w a s  46 Btu per  pmnd at B s t a t i c  e f f i c i e n c y  of 0.47. Rotor 
l i m i t i n g  loading w a s  not  obtained, as indicated by  the  gain i n  t h e  
equivalent  spec i f i c  work output u p  t o  47 B t u  per  pound a t  the h ighes t  
pressure r a t i o  invest igated,  238. 

In  f igu re  7 t he  equivalent-  

The observed choked equivalent weight flow w a s  0.00446 pound per  
second, which compared with the  design value of 0.00447 pmnd per  second 
and r e s u l t e d  i n  a f i r s t - s t a g e  s t a t o r  flow coe f f i c i en t  of 0.97. 

I n  f igu re  8, the  s t a t i c  e f f ic iency  q i s  r ep lo t t ed  aga ins t  t h e  
blade- t o  jet-speed r a t i o  v f o r  the design t o t a l -  t o  s t a t i c -p res su re  
r a t io .  Experimental points  were obtained down t o  30 percent design 
speed. 
mult is tage turbines .  Corresponding curves and design point  values f o r  
t he  turb ines  of references 1 t o  3 a re  a l s o  shown on t h e  f igu re  f o r  com- 
parison. The design-point s t a t i c  e f f ic iency  of t h e  four-stage r e e n t r y  
turb ine  w a s  0.432, obtained a t  a t o t a l -  t o  s ta t ic -pressure  r a t i o  of 55.66 
and a blade- t o  jet-speed r a t i o  o f  0.194. A t  an equivalent blade- t o  
jet-speed r a t i o  of 0.161, t h e r e  was a six-point d i f fe rence  i n  e f f i c i ency  
between t h e  four-s tage and t h e  six-stage r een t ry  turbines ,  which in-  
d ica ted  the  improvement i n  ove ra l l  performance of t he  s ix-s tage over t he  
four-s tage turbine.  

The general  shape of t h e  curve approximates those of conventional 

I n  f igu re  9, equivalent  s h a f t  and blade torque TE/& i s  shown 
p lo t t ed  aga ins t  percent design speed a t  the nominal design t o t a l -  t o  
s ta t ic -pressura  r a t i o  Pr of 210, Experimental po in ts  were obtained 
from 30 t o  100 percent of design speed. 
torque curve t o  zero speed indicated that zero-speed torque w a s  approxi- 
mately 1.58 times the  design speed torque, Furthermore, t he  v a r i a t i o n  
i n  blade torque wi th  speed w a s  approximately l i n e a r ,  as w i t h  conventional 
full-admission mult is tage turbines ,  The turb ine  bearing, seal, and d i sk  
windage lo s ses  account f o r  the  difference between the  two curveso 

Extrapolat ion of the blade 

I n t e r s  t age Character i s t i c s 

The in t e r s t age  pressure measurements rnade during t h e  performance in-  
ves t iga t ion  are presented i n  f igu re  10. The d i s t r i b u t i o n s  obtained a t  
t h e  nominal design o v e r a l l  t o t a l -  t o  s ta t ic -pressure  r a t i o  of 210, and 
a t  131, 175, and 238 are shown plot ted a t  each s t a t i o n  (see f ig ,  4) 
across t h e  turbine.  The in t e r s t age  s t a t i c  pressures  were measured i n  the  
r e e n t r y  ducts  and presented as r a t i o s  t o  t h e  i n l e t  t o t a l  pressure. 
measurements were obtained at  design speed, 

The 
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.. Fa i r  agreement w a s  obtained between the a c t u a l  and the  design s t a t i c -  
pressure d is t r ibu t ion;  however, t he re  w a s  some overexpansion across  the  
f i r s t  and second stages,  and underexpansion across  the  l a t t e r  s tages  com- 
pared with design. The tendency to overexpand across  the  f i r s t  s tage  w a s  
observed previously i n  the  three-s tage r een t ry  turb ine  ( r e f .  l), on which 
more de ta i led  in t e r s t age  measurements were made, These measurements in-  
d ica ted  t h a t  the  cause w a s  due t o  l a rge  flow leakage lo s ses  out  of t he  
f i rs t  stage, The lo s ses  reduced t h e  amount of flow enter ing  the  second 
stage,  which increased the  e f f e c t i v e  a rea  r a t i o  between the  f i rs t  and 
second stages and hence t h e  pressure r a t i o  of the  f i r s t  stage.  A s  may 
be noted i n  f igure  10, t he  s tage  s t a t i c -p res su re  d i s t r i b u t i o n  remained 
unchanged over the range of pressure r a t i o s  inves t iga ted  above 175, 
which indicated t h a t  t he  l a s t - s t age  s t a t o r  w a s  operat ing choked as 
specif ied i n  the  design. 

SUMMARY OF RESULTS 

The resu l t s  of t he  inves t iga t ion  of t he  six-stage,  8-inch-mean- 
diameter r een t ry  turb ine  designed f o r  a nominal pressure r a t i o  of 210 
and a blade- t o  jet-speed r a t i o  of 0.161 a r e  summarized as follows: 

. 
1. A t  design speed and design pressure r a t io ,  t h e  equivalent-air  

spec i f i c  work output w a s  46 Btu per pound a t  a s t a t i c  e f f i c i ency  of 0.47, 

2. Torque-speed c h a r a c t e r i s t i c s  appeared comparable with conventional 
full-admission mult is tage turbines.  Zero-speed torque w a s  approximately 
1.58 times the  design-speed torque a t  design pressure r a t io .  

3, F a i r  agreement w a s  obtained between the  design and experimental 
Some overexpansion of s ta t ic -pressure  d i s t r i b u t i o n  across  the  turbine,  

t h e  flow across  the  f i r s t  and second s tages  appeared t o  be caused by 
flow leakage out of t he  stages. The d i s t r i b u t i o n  remained unchanged 
above a pressure r a t i o  of 1 7 5  and indicated t h a t  t he  l a s t - s t age  s t a t o r  
w a s  choked as specif ied,  

Lewis Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio, February 9, 1962 
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Figure 1. - Six-stage reentry turbine mean-diameter design ve loc i ty  diagrams for 
equivalent-air conditions a t  turbine i n l e t .  
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Figure 2. - Mean-radius blading, dimensions, and coordinates f o r  six-stage reentry turbine. 
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Figure 2. - Concluded. Mean-radius blading, dimensions, and 
coordinates for six-stage reentry turbine. 
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Figure I. - Vexlation of equivalent-air specific work output and turbine s t a t i c  e f f i -  
ciency with pressure r a t i o  f o r  six-stage reentry turbine. 
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Figure 9. - Variat ion of equivalent torque with speed a t  design 
pressure r a t i o  fo r  six-stage r een t ry  turbine.  
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Figure 10. - Interstage static-pressure distribution. 
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